Genetic variation among 12 populations of the American chestnut (Cusfunea denfuru) was investigated. Population genetic parameters estimated from allozyme variation suggest that C. dentutu at both the population and species level has narrow genetic diversity as compared to other species in the genus. Average expected heterozygosity was relatively low for the population collected in the Black Rock Mountain State Park, Georgia (H, = 0.096 2 0.035), and high for the population in east central Alabama (H, = 0.196 2 0.048). Partitioning of the genetic diversity based on 18 isozyme loci showed that -10% of the allozyme diversity resided among populations. Cluster analysis using unweighted pair-group method using arithmetric averages of Rogers' genetic distance and principal components analysis based on allele frequencies of both isozyme and RAPD loci revealed four groups: the southernmost population, south-central Appalachian populations, northcentral Appalachian populations, and northern Appalachian populations. Based on results presented in this study, a conservation strategy and several recommendations related to the backcross breeding aimed at restoring C. dentutu are discussed.
The American chestnut (Custunea dentutu [Marsh.] Brokh) was once a dominant species in the eastern deciduous forest for -2000 yr before chestnut blight (caused by Cryphonectriu parasitica [Murrill] Barr) arrived on the North American continent near the turn of the century (Davis, 1981) . Palynological studies indicated that C. dentutu was present in the southern Appalachian region 15 000 yr ago, and in the northern Appalachian region 5000 yr ago and arrived in Connecticut 2000 yr ago (Delcourt et al., 1980; Davis, 1981) . Prior to blight, the native range of the American chestnut extended from southern Maine southward to Georgia, Alabama, and Mississippi and westward to southern Michigan, Indiana, and Tennessee. Every fourth tree in the central Appalachian forest was a chestnut (Saucier, 1973) . The species was commercially important at one time for its outstanding timber quality and abundant nut production. In 1904 chestnut blight, a fungal disease, was first observed in New York State, apparently introduced from importation of Japanese chestnut (Anagnostakis, 1992) . The disease spread rapidly and reduced the entire species to a minor understory shrub within 50 yr. Prolific stump sprouting has enabled the American chestnut to persist over most of its native range during the past 40 yr. The gene pool of the species still exists, but it could face serious erosion in the future as old root systems fail to produce sprouts and perish. The species is threatened and a conservation plan is needed for the American chestnut.
The genus Custuneu comprises seven species (Rutter, Miller, and Payne, 1990) . Four species are native to Asia: Chinese chestnut (C. mollissimu Bl.) , Seguin chestnut (C. seguinii Dode.) , and Henry chestnut (C. henlyi Rehd. & Wils.) on mainland China and Japanese chestnut (C. crenutu Sieb. & Zucc.) on the Japanese islands and Korean peninsula. Two species are native to North America: the American chestnut and chinkapin (C. pumih Mill.) . European chestnut (C. sutivu Mill.) is native to southern Europe and western Asia. All species are diploid (2n = 2X = 24) and hybridize freely, but interspecific F,'s usually suffer from low seed germination and male sterility (Rutter, Miller, and Payne, 1990) . Blight resistance among the species differs. The American and the European species are susceptible, whereas the Asian species are blight resistant (Graves, 1950; Huang et al., 1996) . The levels of susceptibility of the European and American species differ, and the American chestnut is the most susceptible species (Graves, 1950) . Several recent studies on allozyme diversity suggest that the American chestnut has the lowest levels of genetic diversity among species in the genus (Villani et al., 1991; Huang, Dane, and Norton, 1994a) .
Starting as early as the 192Os, considerable breeding efforts were carried out by the U.S. Department of Agriculture (USDA) in an attempt to save the American chestnut. Unfortunately, the breeding programs failed to produce a desirable timber-type American chestnut with [Vol. 85 blight resistance (Burnham, Rutter, and French, 1986) , and the USDA programs were abandoned in the 1960s. In the early 1980s Bumham (1981 Bumham ( , 1982 critically reviewed previous breeding programs and concluded that the traditional backcross method, used successfully in crop breeding, offered a more promising approach to the problem. Bumham, Rutter, and French (1986) proposed a backcross breeding program designed to introgress the blight resistance of the Chinese chestnut into the American chestnut. The backcross program for restoration of the American chestnut is based on two crucial assumptions: (1) blight resistance exists in the Chinese chestnut (C. mollissima), is heritable, and at least partially dominant (Clapper, 1952) and (2) blight resistance is under oligogenic control (presumably two genes; Bumham, 1981) . Kubisiak et al. (1997) constructed a genetic linkage map for Castanea species using an F, population derived from an interspecific cross between the American and Chinese chestnut and detected three regions that appear to be conditioning resistance to Cryphonectriu parasitica (P < 0.001). An aggressive backcross breeding program led by the American Chestnut Foundation (ACF), a philanthropic organization established to restore the American chestnut, has recently reached BC, populations (Hebard, 1996) . In theory, introgression of two or three genes conferring blight resistance should be relatively straightforward, however, it will be a far more complicated task to successfully apply backcross breeding to a widespread forest species with a natural range spanning five United States climate zones and 20 states. A well-designed strategy for capturing as much genetic variation as possible from the recurrent parents becomes an essential factor that will affect the recovery of the gene pool of the American chestnut and its adaptability and desirable timber qualities, and ultimately will determine the success of the program. Allard (1960) suggested that when applying backcross methods to an unimproved species, the genetic variation of the recurrent parent must be sampled using many individuals from different source populations. If the species being improved has a wide geographic range, a program should be considered for each major region. Unfortunately, information on genetic diversity and geographic variation in American chestnut populations does not exist. Evaluation of genetic variation in the species is the first step towards addressing this concern.
The purposes of the present investigation were threefold: (1) to determine and partition the genetic diversity of wild C. dentata populations and to determine whether levels of the genetic diversity attributed to the vulnerability of C. dentutu to chestnut blight; (2) to detect whether there is any geographical pattern of diversity differentiation and allelic frequency distribution along the native range; and (3) to apply this information to conservation strategies of the extant gene pool of the remnant wild populations and provide guidelines for the selection of recurrent parents for use in the backcross breeding program.
MATERIALS AND METHODS
Plant material--During 1994 and 1995, 12 populations of C. dentara were sampled from across the native range, along Appalachia from Alabama up to central New York (Fig. 1) . For electrophoresis, I-yr-old twigs with mature buds were collected from sprouts of large stumps of regenerated coppices, remnants of the original blight-killed trees. Each population consisted of sprouts from 16 to 30 trees except the population from Connecticut in which only 11 trees were sampled. Twigs were kept in zip-lock bags at 4°C until electrophoresis. For random amplified polymorphic DNA (RAPD) analysis, DNA extraction and polymerase chain reactions (PCR) were tested using cotyledons, buds, and young and mature leaves. Cotyledonary tissues (diploid) yielded the highest quantity and quality of DNA and produced the most consistent and reproducible RAPD banding patterns. As a result, only four populations that either were producing adequate quantities of seed or purified DNA from leaves (by additional purification steps) were included in the RAPD analysis.
Allozyme analysis-Enzyme were extracted from mature buds of lyr-old twigs. The extraction procedure was as described by Huang, Dane, and Norton (1994a) . The isoelectric focusing polyacrylamide slab gel system of pH 4-9 described by Mulcahy et al. (1981) shikimate dehydrogenase (SKD; EC 1.1. 1.25 ) and triosephosphate isomerase (TPI; EC 5.3.1.1). Gels were stained as described by Wendel and Weeden (1989) except that only one-third of the original volume of stain solutions was used. Eighteen loci were scored: Acp-f, Acp-2, Acp-3, Est-2, Est-5, Fdh, Gdh, Idh, Mdh-2, Me, Pgi-2, Pgm, Prx-I, Prx-2, Prx-3, Skd-1. Skd-2. and Tpi. Genetic analysis and allele designation of those loci have previously been described by Huang, Dane, and Norton (1994b).
RAPD an&sis-Genomic DNA was extracted from 0.2 g of cotyledons using a CTAB-based procedure (Weising et al., 1995) . Genomic DNA extracted from 0.2 g of leaf tissue was further purified using GENECLEAN II (BIO 101 Inc, Vista, CA). PCR reactions were carried out in a 25 p,L volume containing 10 mmol/L Tris-HCl; 1.5 mmol/L MgCl,; 50 mmoI/L KC1 (pH 8.3). 0.2 mmol/L of each dNTP (Boehringer Mannheim, Indianapolis, IN), 5 pmol/L decamer oligonucleotide primer, 10 ng genomic DNA, and 1 unit of Taq DNA polymerase (Boehringer Mannheim). DNA amplifications were performed in a Perkin Elmer 2400 DNA thermal cycler programmed as follows: 10 min at 94°C; 35 cycles of 45 set at 94"C, 45 set at 36°C , 2 min at 72"C, followed by 5 min at 72°C. Amplification products were analyzed by electrophoresis on 1.5% agarose gels, detected by staining with ethidium bromide. The gels were photographed under UV light with Polaroid film 667. A lOO-bp DNA ladder (GibcoBRL) was used as molecular size marker. Twenty-two RAPD loci, randomly chosen from the chestnut recombinational linkage map (Kubisiak et al., 1997) . were scored: AO7,,, All,,,, Al80ss0, EO2,,,~ Pl61050, Gl70525r Gl7,,,, Gl71950. Gl90s,,,, 1 l%m, 153,,,, 153,,, 271,,, 271,650. 41 b,,co> 423,,,,> 423,,,, 531,,,, 557,,,,, 557-, 551-, and .551,,. Dam analysis-Allele frequencies for isozyme loci were estimated (Nei, 1987) . Prior to estimating allele frequency for the dominant RAPD loci, Hardy-Weinberg equilibrium was tested using the entire allozyme data set. Provided that Hardy-Weinberg equilibrium existed, allele frequencies (p and q) for RAPD loci were estimated using the homozygous null genotypes dqZ = 4 and p = 1 -4 (since p + 4 = 1). A set of measures of intra-and interpopulation genetic statistics were generated using a computer program developed by Loveness and Schnable (Godt and Hamrick, 1993) and BIOSYS-1 (Swofford and Selander, 1981) (Nei, 1978) , and a x2 test for heterogeneity of allele frequencies among populations. F statistics were also used including the fixation index of individuals within populations (F's), the fixation index with respect to the total population (Fn), and the proportion of genetic differentiation (Fs,) (Wright, 1978). Nei's (1978) genetic distance and identity, as well as Rogers' modified genetic distance (Wright, 1978) were calculated for all pairwise combinations of populations. A dendrogram was constructed based on the matrix of Rogers' distance using unweighted pair-group method using arithmetic average (UPGMA). The principal components analysis (PCA) was performed based on the allele frequency data of populations using PC-SAS for Windows (SAS, 1989) .
RESULTS
Of 18 isozyme loci investigated, 38 alleles were detected at 14 polymorphic loci across the 12 populations (a total of 42 alleles were detected when monomorphic loci were included). The expected genotype frequencies at all loci, and in all populations, conformed to HardyWeinberg expectations except for Pm-3 and Acp-3. A significant excess of heterozygotes was detected at these two loci in eight and four of the 12 populations, respectively (data not shown). Contingency x2 analyses for heterogeneity of allele frequencies across populations were significant at nine of the 14 polymorphic loci (Table 1) . A south-north cline was observed in allele frequencies of one species-specific locus, Skd-2, along the Appalachian axis (Sk&2 frequency = 2.654-0.0473 latitude, P < 0.05). Sk&I and Skd-2 with two alleles each are isozyme loci unique to North American Castanea species (Huang, Dane, and Norton, 1994b) .
Genetic variability among the 12 populations is presented in Table 2 . For the species, the percentage polymorphic loci P = 77.8, mean number of alleles per locus A = 2.33, effective number of alleles per locus A, = 1.24 and gene diversity H, = 0.167. Averaged across populations, the number of polymorphic loci P = 59.7 (ranging from 44.4 to 72.2), mean number of alleles per locus A = 1.69 (ranging from 1.50 to 1.89), effective number of alleles per locus A, = 1.24 (ranging from 1.15-1.33), and gene diversity H, = 0.151 (Table 2) . Expected heterozygosity ranged from 0.096 + 0.035 for the population collected in the Black Rock Mountain State Park, Georgia, to 0.196 rt 0.035 for the population in eastcentral Alabama. Significant differences in expected heterozygosity were found between the southernmost population (AL) and populations collected in the southern Appalachia (GA and NC). Genetic variability measures examined using the 22 RAPD markers showed that a relatively higher genetic diversity exists in the southernmost population with declines toward the northernmost population ( Table 2) . Partitioning of population genetic diversity based on the 14 polymorphic isozyme loci showed that -90% of the allozyme diversity resided within populations. This result was reflected by Nei's G,, (0.1 lo), which measures the proportion of the total genetic diversity partitioned among populations (Table 3) .
Nei's genetic identity and distance (1978) based on allozyme allele frequencies were estimated for all 66 pairwise comparisons among the populations (Table 4) . The mean identity for pairwise comparisons of the 12 C. dentatu populations was 0.972, ranging from 0.902 to 1.000. These estimates are typical for conspecific populations (Crawford, 1989 ). Nei's genetic identity and distance were also estimated using RAPD marker allele frequencies, showing similar results (Table 5) . Genetic relationships among the populations were further examined by UPGMA using Rogers' genetic distance and by PCA. The UPGMA dendrogram revealed four groups: the southernmost population (AL), south-central Appalachian populations (GA, NC-l, NC-2, VA-1 ,VA-2, including OH and MI), north-central Appalachian populations (PA-1, PA-2), and northern Appalachian populations (NY, CT), based on allele frequencies of both isozyme and RAPD loci (Fig. 2a, b) . The relationships suggested by PCA based on allozymes are similar to those implied by UPGMA. The first three components, which accounted for 60% of the total variation, divided the 12 populations into the same four groups (Fig. 3) .
DISCUSSION
Genetic diversity in C. dentata-The American chestnut species has not recovered from the devastating effects of fungal colonization by C. parusitica. For nearly a century, pathologists from around the world have applied their expertises to combat the disease, but their efforts to date have not been successful. On the other hand, little research has been conducted to investigate the genetic base involved in host plant susceptibility or resistance, and the underlying genetics of blight resistance is still poorly understood. Furthermore, the genetic vulnerability of the American chestnut, resulting in its elimination as terpreted cautiously (Hamrick and Godt, 1996) . In a rea predominant canopy species, has been overlooked. No cent study, Park et al. (1994) pointed out that historical attempt has been made to investigate a possible link befactors may have a more profound influence on detertween levels of population genetic diversity and genetic mining and partitioning of the genetic diversity in plant vulnerability. Population genetic parameters estimated in species. Historically, oak-chestnut forests (Quercus-Casthis study suggest that C. dentutu, in general, has average tunea) played an important role in the deciduous forests levels of allozyme variation when compared to other of eastern North America for 8000 yr after the last maxplant species with similar ecological and life-history imum glaciation, the Wisconsin glacier (Davis, 1983) . In characteristics (Hamrick and Godt, 1989) . However, comthe genus Quercus low values of P = 29.7, A = 1.37, parisons of such generalized information should be inand H, = 0.081 were recorded for 17 populations of sev- en species in New Jersey (Manos and Fairbrothers, 1987) ; in contrast values of P = 62.5 2 3.0, A = 2.8 + 0.21, A, = 1.70 2 0.07 and H, = 0.31 2 0.027 were reported for five populations of two Quercus species in Michigan (Hokanson et al., 1993) . Within the genus Castanea, much higher genetic diversity has been reported for C. mollissima, and even for a regional sample of C. seguinii, as compared to C. dentata. Huang, Dane, and Norton (1994a and Huang's unpublished data) found P = 84.2-86.8, A = 2.05-2.15, and H, = 0.31-0.38 in C. mollissima; P = 68.42, A = 1.74 and H, = 0.20 in C. seguinii. Villani et al. (1991) reported P = 62.15-82.69, A, = 1.40-l .51, and H, = 0.29-0.34 in C. sativa. It is possible that the narrow genetic diversity of the American chestnut as compared to congener species may have contributed to its demise. Castanea sativa suffered severe TAFSLE 3. Genetic variability statistics (Nei, 1987) Distribution and geographic pattern of genetic diversity in C. dent&u-The proportion of the genetic diversity found among C. dentuta populations (G,, = 0.110; Table 3 ) was similar to other long-lived woody perennials (0.076), wind-outcrossing species (0.099), and late-successional species (0.101) (Hamrick and Godt, 1989) . Castanea dentata was also found to have almost the same level of genetic diversity among populations when compared to the congener species C. sativa (FST = 0.10) (Pigliucci, Benedettelli, and Villani, 1990) . Based on an average for all isozyme loci, C. dentata appears to harbor most of its genetic diversity within populations. However, significant differences in G,, were observed from locus to locus with values ranging from 0.028 (Est-2) to 0.326 (Skd-2) ( Table 3 ). Average gene heterozygosity (H,) was significantly different among the 12 populations. The highest level (H, = 0.196 ? 0.048) was found in centraleast Alabama (Macon County) and the lowest (H, = 0.096 2 0.035) was found in the southern Appalachian region (specifically, Black Rock Mountain, Georgia), which might have been the result of genetic drift with loss of individuals occurring through death of stumps and current lack of gene flow among populations. Gene flow among populations was low with Nm according to the Slatkm method Nm(,, = 1.12, and Nm according to Wright Nm(,, = 2.23. Moderately higher levels of averape pene heterozveositv were also observed in the north-
T ABLE 4. Allozyme estimates of Nei's (1978) unbiased genetic identity (below diagonal) and distance (above diagonal) among 12 American chestnut populations. (Critchfield, 1984; Waller, O'Malley, and Gawler, 1987; Bayer, 1991; Godt and Hamrick, 1993) . It has been well documented that many plant species were forced southward to refugia in Gulf Coastal regions and Florida during the Wisconsin glacial maximum 18 000-20 000 yr ago and migrated northward after the glacier's retreat (Davis, 1981 (Davis, , 1983 Pielou, 1991) . However, the migration route for Custunea (mainly C. dent&u) remains obscure as few fossil records are available. Wisconsin glacier refugia and subsequent migration for Castanea have been hypothesized by Davis (1976 Davis ( , 1981 Davis ( , 1983 . Davis (1976) proposed that Castunea may have survived on the continental shelf, or at least may have moved from its refuge, using the shelf as migration route, and subsequently migrated from east to west as the glacier receded. It was estimated that -2ClOO yr ago, Castanea became a dominant species. This hypothesis implies multirefugia and migration routes. However, later reports by Davis (1981 Davis ( , 1983 , primarily based on limited palynological data (Delcourt et al., 1980) , hypothesized a south-north migration route for Castunea. In this study, only one (Skd-2) of 14 polymorphic loci showed a clinal trend along the Appalachian axis (Table  1) . Zanetto and Kremer (1995) found correlations between allele frequencies and longitude in seven out of eight loci for Quercus, indicating a migration pathway on the European continent. Lack of spatial patterning of allele frequencies in both the isozyme and BAPD markers negative correlation (r = -0.7077, P C 0.01) existed between genetic distance and geographic distance, suggesting geographical isolation of C. dentutu populations. This consideration is reinforced by UPGMA dendrograms (Fig. 2a, 3b ) of allozyme and RAPD genetic distance and PCA (Fig. 3) . It is clear that the distinction can be made between the southernmost population (AL), the south-central Appalachian populations (GA, NC-l, NC-2, VA-l, VA-2, including MI and OH), north-central Appalachian populations (PA-l, PA-2) and northern Appalachian populations (NY, CT). It is important to note that low mean H, and G,, do not imply lower or no difference in genetic composition among the regions, particularly for a widespread species. The importance of regional and local alleles (frequency of private alleles p = 0.073) should not be overlooked when a conservation plan or breeding program is considered for restoring the American chestnut. For instance, based on visual inspection of allele frequencies of the 14 polymorphic isozyme loci ( Conservation and breeding considerations for restoration of C. dentata-Relatively high levels of genetic diversity existing in southerly populations, presumably one of the refugia and the origin of the genetic diversity prior to postglacial migration, suggest that conservation efforts definitely should consider this a focal point for capturing much of the genetic variation for C. dentutu. Relict populations in southern region are particularly vulnerable and the number of remnant populations is declining rapidly due to logging disturbance and large-scale reforestation to pine species by the pulp and paper industry. Such isolated relict populations have been disappearing dramatically in the past two decades. In central Alabama, many relict populations are disappearing and resprouting stumps appear to be on the decline (Huang, personal observation) . Several southern states have classified C. dentutu as an endangered species (Kentucky State Nature Preserves Commission, 1996). Relict populations in central Alabama, Mississippi, and Tennessee
